Abstract: A discrete-time adaptive nonlinear control procedure is developed based on immersion and invariance control, and using back-stepping for the regulation of slider-crank system. A convenient parametric formulation of the system dynamics is established. A novel parameter estimator design is presented, and the back-stepping controller is constructed considering the certainty equivalence principle.
INTRODUCTION
The slider-crank mechanism has a very wide usage in machine design. Some of the applications are found in internal combustion engines, in electrical switch gears, packaging and textile engineering (Lin et al. 1997 , Ha et al. 2006 . It is mainly used to convert rotary motion to a reciprocating motion or vice versa. Several control techniques have been presented for the system in the literature by sliding mode control (Fung and Chang, 2009) , energy control (Komaita and Furuta, 2008) , generalized minimum variance control (Saitoh and Furuta, 2007) and computed torque technique ).
Most of the mechanisms in the engineering applications consist of motors, gears and nonlinear components. The control performance of these systems is usually dominated by the effects of nonlinearities and uncertainties. Therefore, the nonlinear adaptive design procedure for the case study considered in this paper may be applicable for a wider range of nonlinear electro-mechanical systems.
On the other hand, to develop modelling and control techniques for discrete-time nonlinear systems have gained more importance as in the engineering practice computercontrolled systems are preferred because of the simplicity and flexibility of their implementation.
Immersion and Invariance (I&I) control is a recently presented new methodology in the literature proposed by (Astolfi et al., 2007 for designing nonlinear and adaptive controllers for nonlinear systems which relies upon the notion of system immersion and manifold invariance. In I&I control approach the behaviour that satisfies the control objective is formulated as a target system and the controller is constructed such that the plant dynamics immersed into the target dynamics.
In Astolfi 2011, 2012 ) a discrete-time adaptive controller design via state-feedback for the adaptive regulation of linearly parameterised discrete-time systems in strict-feedback form is presented. In this paper, the adaptive regulation of the slider-crank mechanism is considered and a discrete time adaptive nonlinear control procedure is proposed based on immersion and invariance control approach and using back-stepping. For the purpose, firstly, a parametric model for the system dynamics is obtained. The system dynamics are not directly linear in parameters but it is expressed in a form such that the intended control procedure can be developed utilizing it. Then, a parameter estimator is designed. Afterwards the back-stepping controller is constructed considering certainty equivalence principle. 
Here note that, using 2 2 cos 1 sin and relations (3-4), the following expression for which is utilized in the sequel is obtained. 
Thus 2 2 can be written as, 
Moreover, the potential energy of the system can be rewritten as, 
Thus, the Lagrangian for the system is obtained as follows, 
Hence, considering the inertias as [(2 sin cos 2 ( ) 2 ( ))sin cos The discrete-time dynamics of the system is required to be able to perform a discrete-time design procedure. Forward Euler approximation to derivatives is used to obtain discretetime dynamics of the system as given below, In the sequel, an indirect adaptive controller construction is derived using immersion and invariance control approach. For the estimation of the parameters, following estimation error is considered.
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